XANTHINE OXIDASE ACTIVITY is a major factor in the generation of superoxide radical, and the production of free radical from xanthine oxidase has been considered to play an important role in the genesis of tissue injury due to ischemia and reperfusion. li2 This has been proved by the evidence that allopurinol, a tight-binding competitive inhibitor of xanthine oxidase, 3 prevents the ischemia and reperfusion-induced tissue injuries in the stomach, intestine, kidney, and heart.
2 ' *~* Such a free radical also seems to be implicated in the genesis of ischemia-induced enzyme damage in the gerbil cerebral cortex. 7 In the present study, we studied the effect of allopurinol, a xanthine oxidase inhibitor, on ischemia and reperfusion-induced cerebral injury after bilateral common carotid artery occlusion in spontaneously hypertensive rats in order to investigate the importance of xanthine oxidase-linked free radical in cerebral injury.
Materials and Methods
Fifty-nine male spontaneously hypertensive rats (Okamoto and Aoki; 8 23-37 weeks old, weighing 350-450 g), which had systolic blood pressure of 160-200 mm Hg as measured with electrosphygmomanometer (PE-300, Narco Biochem Inc., Houston), were used. The animals were anesthetized with ether and fixed in supine posture, the skin was incised in the ventrolateral neck region and the common carotid arteries were separated from the surrounding tissue in the bilateral manner. A cotton thread was put on both arteries and it was passed through a polyethylene tube (20 mm length, PE 160, Clay Adams) and then pulled to obstruct completely the blood flow. Then, the tube was exposed out of the ventrolateral neck region and the skin was sutured. After the operation under ether anesthesia, the animals were transferred to individual cages. Four hours following the occlusion, the thread passing through the tube was cut to reperfuse the blood flow, and 1, 2, 3, 24 and 72 hours after reperfusion, neurological symptoms and mortality were observed.
For the study of water and electrolyte contents, animals were anesthetized with intraperitoneal administration of pentobarbital-Na (Somnopentyl, PitmanMore Inc.) 40 mg/kg at 1 hour after reperfusion. In this study, spontaneously hypertensive rats having the surgical preparation but without carotid artery occlusion were used as sham-operated animals. Brains were removed immediately after decapitation under anesthesia. The posterior two-thirds of the cerebral hemi-spheres separated from the brain was weighed. After drying the brain in an oven (DN-61, Yamato) at 100° C for 18 hours, the dry weight was obtained. The percentage water content was calculated as follows: Water content (%) = (wet weight -dry weight)/wet weight X 100. The dried brains were homogenized with 10 ml of 0.75N nitric acid solution, and the mixtures were incubated at 4° C for 3 days. The cations were measured with flame photometer (Hitachi, Model 205) and expressed as mEq/kg, dry weight.
Allopurinol (Kowa) was suspended in 0.5% carboxymethyl cellulose solution and administered orally 24 hours and 1 hour before occlusion in a dose of 200 mg/kg.
The Fisher exact probability test was used to confirm the difference of mortalities between the two groups. For water and electrolyte contents, statistical analysis was performed using one-way analysis of variance, Kruskal-Wallis test and Bonferroni modified t-test (two-tailed).
9 P values of less than 0.05 were considered significant.
Results
The effect of allopurinol on neurological symptoms and mortality after ischemia and reperfusion are as summarized in table 1. In all of 25 non-treated control animals, a decrease in spontaneous movement and ptosis were observed during 4 hour cerebral ischemia, in 11 (44%) of which the righting reflex disappeared. In some of these animals, spontaneous convulsion was induced. Three animals (12%) died within 1 hour following reperfusion, 7 animals (28%) within 2 hours and 13 (52%) within 3 hours. Seventeen animals (68%) died within 48 hours after reperfusion and 19 animals (76%) within 72 hours. In all of 7 spontaneously hypertensive rats pretreated with allopurinol, no loss of righting reflex was noted during 4 hour occlusion although a decrease in spontaneous movement and ptosis were noted. Even after reperfusion, the incidence of loss of righting reflex was low; it was seen only in one animal (14%) 24-72 hours after reperfusion, and no death was observed in any animal. The mortality of allopurinol treated animals was signifi- 
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C o n t r o l Allopurinol cantly (p < 0.01) lower than that of control animals. Figure 1 shows the effect of allopurinol on cerebral water and electrolyte contents as measured 1 hour after reperfusion. The water content as well as sodium content increased significantly (p < 0.01) and potassium content decreased significantly (p < 0.05) in reperfused control animals, as compared with sham-operated animals. Allopurinol suppressed significantly these changes; the water content and sodium content in allopurinol-treated animals were significantly (p < 0.01) lower than those in control animals and the potassium content in allopurinol-treated animals was significantly (p < 0.01) higher than that in control animals.
Discussion
Under an ischemic condition, brain adenine nucleotides are metabolized to nucleosides and purine bases (adenine and hypoxanthine). 10 If the brain contains significant xanthine oxidase, hypoxanthine could be STROKE VOL 17, No 6, NOVEMBER-DECEMBER 1986 further degraded to xanthine and uric acid coupled with the release of superoxide radical. 1 2 The superoxide radical may then undergo further reduction to form hydrogen peroxide and more toxic hydroxyl radical. Much evidence has suggested that, in a normal cell, the enzyme exists as nicotinamide adenine dinucleotide (NAD + )-reducing dehydrogenase that can be converted to the superoxide-producing oxidase by a number of conditions including proteolysis and incubation under low oxygen tension.' • " Xanthine oxidase is relatively low in the whole brain. 12 - 13 However, a recent immunocytochemical study demonstrated the presence of substantial xanthine oxidase in various vascular endothelial cells.
1314 Furthermore, the cerebral microvessels are 3.7-fold enriched in xanthine oxidase, compared to an homogenate of cerebral cortex, and it has been suggested that hypoxanthine is metabolized by activated xanthine oxidase to xanthine and, subsequently uric acid, coupled with the release of superoxide radical."
The administration of allopurinol, a tight-binding competitive inhibitor of xanthine oxidase, 3 prior to bilateral ligature of the common carotid arteries in spontaneously hypertensive rats, resulted in a suppression of the neurological symptom which occurs following occlusion and in a remarkable inhibition of reperfusion-induced mortality and cerebral edema. These results lead to the proposal that the formation of xanthine oxidase-linked free radical is implicated in the genesis of ischemia and reperfusion-induced cerebral injury. Such a proposal must be presented with great caution, since free radical has not been directly measured under allopurinol treatment. However, there have been many reports which support the postulation that allopurinol may act effectively on ischemia and reperfusion-induced cerebral injury in spontaneously hypertensive rats by inhibiting the free radical formation. Imaizumi et al 16 have suggested the formation of free radical in hypoxic brain as well as post-hypoxic brain. Vitamin E, a radical scavenger, has been reported to suppress the reperfusion-induced cerebral injury in spontaneously hypertensive rats of the same strain as those we used in the present study, suggesting the involvement of free radical in the genesis of cerebral injury. 17 Recently, Chan et al 18 reported that the intracerebral injection of xanthine oxidase and hypoxanthine causes cerebral edema and blood-brain barrier breakdown. Thus, it seems to be possible that oxygen radical from xanthine oxidase is involved in the genesis of cerebral injury. However, the possibility must be taken into consideration that allopurinol can prevent the ischemia and reperfusion-induced cerebral injury through other mechanisms. Namely, allopurinol would prevent the irreversible loss of purine base from the cell by inhibiting further breakdown of hypoxanthine, thereby saving precursors for the resynthesis of adenine nucleotides during ischemia. Secondarily, because the xanthine oxidase level in the brain is so low, as mentioned above,' 2 -13 allopurinol possibly protects against ischemia by some action other than oxidase inhibition. The direct vasodilating action of allopurinol could ensure the blood supply to the ischemic area. This hypothesis has been suggested to explain the effect of allopurinol on myocardial ischemia."
The greater production of the superoxide radical would occur when the ischemic tissue is reperfused with the return of oxygen. However, the production of free radical will occur under ischemic conditions, 20 coinciding with the experimental results that allopurinol suppressed not only reperfusion-induced cerebral injury but also the ischemia-induced neurological symptom, loss of righting reflex. The fact that allopurinol suppresses remarkably the changes in sodium and potassium contents in the brain after reperfusion suggests that free radical acts adversely on the permeability of cellular membrane or blood brain barrier.
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Del Maestro et al 22 concluded that the increases in endothelial permeability to macromolecules in response to oxygen radical generated via the xanthine oxidase reaction were probably the result of the direct action of the hydroxyl free radical, which was presumably generated from superoxide anion radical and hydrogen peroxide. In conclusion, the results obtained in the present study suggest the possibility that the release of superoxide radical secondary to the reaction of xanthine oxidase plays an important role in genesis of ischemia and reperfusion-induced cerebral injury in spontaneously hypertensive rats. THE SEQUENTIAL UNIVALENT REDUCTION of oxygen gives rise to reactive products, including superoxide, hydrogen peroxide, and the free hydroxyl radical, which relax cerebral vascular smooth muscle and dilate cerebral arterioles. 1 These agents are also capable of causing vascular damage upon prolonged exposure. 1 Several experimental interventions, including acute severe hypertension, 2 fluid-percussion brain injury, 3 and topical application of arachidonate or bradykinin, 4 have recently been shown to induce the generation of superoxide which then appears in cerebral extracellular space. Superoxide and/or its derivatives, such as hydrogen peroxide or the hydroxyl radical, by subsequent reactions have been shown to be responsible for the vasodilation which is seen in these experimental situations. Since inhibition of cyclooxygenase 5 -7 or scavenging of oxygen radicals 2 -3 -i~s inhibit the vasodilation seen in these conditions, it was concluded that the vasodilation was mediated by oxygen radicals generated in association with accelerated arachidonate metabolism via cyclooxygenase.
To date, there has been no evidence linking oxygen radicals to any physiological vasodilator responses in the cerebral circulation. Vasoactive intestinal polypeptide (VIP) is normally present as a putative neurotransmitter in nerve endings of cerebral arterioles. 9 Since the dilation of cerebral arterioles of cats from topical application of VIP on the brain surface is blocked by pretreatment with cyclooxygenase inhibitors, 10 the possibility exists that the effects may be mediated via oxygen radicals in a manner analogous to what is seen with bradykinin. Since VIP is a normal constituent of the vessel wall, its release might provide the link between such abnormal interventions as acute severe hypertension and brain injury and the initiation of accelerated arachidonate metabolism which leads to the production of superoxide and other oxygen radicals.
Accordingly, we tested the possibility that VIP induces cerebral arteriolar vasodilation via generation of superoxide and other radicals derived from it.
